Abstract. High-resolution records of the geomagnetic field intensity over the last 4 Myr provided by paleomagnetic analyses of marine sediments have shown the occurrence of shortlived low field intensity features associated with excursions or short polarity intervals. In order to evaluate the ability of marine magnetic anomalies to record the same geomagnetic events, we have collected six deep-tow (-500 m above the seafloor) and several sea surface magnetic anomaly profiles from the Central Indian Ridge across the Brunhes, Matuyama, and Gauss chrons (i.e., from the ridge axis to anomaly 2A). After removal of topography, latitude, and azimuth effects, we converted distances into time sequences using well-dated polarity reversal anomalies as tie points. We calculated the average signal to test the robustness of the short-wavelength anomalies. The resulting stacked profile is very similar to stacked sea surface and downward continued profiles from the Central Indian Ridge, the East Pacific Rise, and the Pacific-Antarctic Ridge. Our results suggest that in addition to polarity reversals, to previously suggested geomagnetic events (subchrons or excursions) within the Brunhes and Matuyama chrons. A new small-scale magnetic anomaly, likely generated by several closely spaced geomagnetic field intensity variations represent the major contributor to the detailed shape of recent marine magnetic anomalies in investigated areas. We observe a dense succession of microanomalies that are correlated excursions (Ontong Java 1 and 2, and Gilsa), is found after the Olduvai chron. The near-bottom results support the existence of three geomagnetic features between the Gauss-Matuyama boundary and Olduvai. They also suggest three geomagnetic events during the C2A. I n subchron within the Gauss chron. This study emphasizes the potential of deep-tow magnetic surveys in detecting fluctuations in geomagnetic field intensity and, in particular, short-lived excursions, a poorly constrained part of the geomagnetic field temporal variation spectrum.
geomagnetic events, each marked by a pronounced low field intensity.
Data Acquisition and Processing

Regional Setting and Data Acquisition
As part of the Magofond 2 cruise (October-November 1998), R/V Marion Dufresne surveyed the Central Indian Ridge between 18.5øS and 20øS [Dyment et al., 1999a] . This area was selected for its moderate topographic roughness and for its regular abyssal hills pattem (Figure 1) . The absence of a well-developed segmentation along the CIR at the survey area suggests that despite a relatively slow spreading rate (average full rate of-43 km/Myr), the area bears similarities to intermediate to fast spreading centers. This may indicate a rather simple magnetic source, undisturbed by three-dimensional architecture effects [Dyment and ArkaniHamed, 1995] . The moderate spreading rate of the CIR yields a limited time resolution compared to the one we could have obtained from faster spreading ridge system, but on the other hand, this rate offers the possibility to record magnetic profiles with a relatively large time coverage. Each profile provides two conjugate records of the same time interval on both sides of the spreading center, enabling us to separate true geomagnetic signal from anomalies associated with crustal emplacement and tectonic processes (such as small ridge jumps or ridge propagation).
Three deep-tow magnetic profiles were collected from the axis to the Gauss chron inclusive (anomaly 2A; up to---3.5 Ma). Along these profiles (A, B, C; Figure 1 ), the total magnetic field was measured with a Deep-Towed Proton magnetometer (DTPM) provided by the Ocean Research Institute of Tokyo. This equipment, described by Sayanagi et al. [1994] , is a self-contained system which also contains a depth meter. Each near-bottom profile was acquired in a -single continuous transect at an average speed of-•2.5 knots. In order to integrate a roughly constant source thickness, the instrument was towed as much as possible at a constant distance from the seafloor (---500 m from the bottom), which was made possible by controlling the ship speed and the wire length (Figure 2) . A second depth meter installed ahead of the depressing weight and connected to the ship through a conducting cable was used to monitor the DTPM altitude. During deep-tow experiments the magnetic field was also measured at sea surface using a standard proton magnetometer (profiles sA, sB, and sC; Figure 1 ). In addition, 11 other sea surface magnetic profiles were acquired between 20.2øS/65.5øE and 18.6øS/66øE, providing a regional coverage of the geomagnetic field (s18 to s35; Figure 1 ).
Near-Bottom Data Processing
Measurements were carried out every 1 min yielding a spatial sampling interval of---80 m. The magnetic data were resampled to an even interval of 200 m. We used the cable length record to merge the magnetic data with the ship position as no transponder was attached to the deep-towed magnetometer. The magnetic data were corrected for the regional geomagnetic field determined from the 1995 International Geomagnetic Reference Field (IGRF) calculated at each measurement location [International Association of Geomagnetism and Aeronomy, 1996]. The total field anomaly profiles were first upward continued using the Fourier-based method of Guspi [1987] to a level plane at 2000 m below sea level. We acknowledge that the high-cut filtering and the upward continuation process induce a loss in resolution, mainly for the deepest (and older) parts of the profiles, and for those of high topographic contrast (i.e., in the axial valley ). However, the comparison between the data before and after reduction shows that this resolution loss only affects very short wavelengths (<1.2 km, i.e.,---50 kyr), and it is obviously of minor importance. The latitude and azimuth dependence of the magnetic anomaly profiles was removed using the "theta method" of Schouten and McCamy [1972] . In the investigated area the geocentric dipole direction is D=-18 ø, •=-52 ø, and the calculated skewness is 44 ø. Using the Parker and Huestis [1974] method, we inverted the magnetic anomaly profiles to equivalent magnetization distributions assuming a 500-mthick source layer. Convergence toward a solution was ensured with a band-passed filter with a short-wavelength cutoff, cosine-tapered between 2.4 and 1.2 km. For each profile, we used a two-dimensional Fourier-based forward method [Parker, 1973] to compute a topography-corrected magnetic anomaly profile at 2500 m below sea level [Ravilly et al., 1998 ].
Sea Surface Magnetic Profiles
The profiles were resampled at intervals of 0.5 km and reduced to the pole (latitude and azimuth corrected, i.e., deskewed) using the same parameters as for the deep-tow profiles. The simultaneous acquisition of deep-tow and sea surface anomaly profiles had two principal objectives. The Figure 3 between the topography-corrected deep-tow and downward continued sea surface profiles strongly suggests that in the .investigated CIR area the primary sources of the detailed shape of the anomalies are shallow, likely in the extrusive basaltic layer. This indicates that other downward continued sea surface anomaly profiles can be used to extend the highresolution magnetic data on a regional scale and therefore to test the robustness of the short-wavelength anomalies observed in deep-tow data. Inversion of the sea level magnetic profiles was performed using a band-pass filter, for which the short wavelength cutoff of 2.2 km, cosine-tapered between 4.4 and 2.2 km, was adjusted to obtain the best fit between the three deep-tow anomaly profiles and the corresponding downward continued sea surface anomaly profiles. 
Identification of the Magnetic Polarity
Spreading Axis Location
A precise location for the spreading axis (i.e., the zeroage crust) is required since we are looking for fine scale magnetic fluctuations and need a robust time calibration between profiles. On slow spreading ridges, active eruptive fissuring appears to be restricted to a narrow zone,-2-kmwide, within the axial valley [Ballard and zone of maximal reflectivity is located 2.5 km away and corresponds to the magnetic high lying at location 1 (Figure 3 and Figure 5b ). For profile C we therefore prefer to consider the axis location constrained by the reflectivity data. The spreading axis is easily identified on profile B where there is only one magnetic high (3 km width, labeled 1 in Figure 3 ). This is also true for the downward continued Figures 6a  and 6b ). This is emphasized by the similarity in both cases between stacks 1, 2, and 3 for the two sides. Stack 3 naturally exhibits more pronounced features, but they are already apparent in stack 2. Figures 6 and 7) . On the eastern flank the presence of the event G1, closely preceding the Gauss-Matuyama transition, tends to give an apparently gradual (i.e., long-lasting) polarity change at the Gauss-Matuyama boundary. On both flanks, we also note the same asymmetric shape of the older normal polarity interval within the Gauss chron (the C2A.3n subchron, between 3.33 and 3.58 Ma), with a gradual decrease in amplitude after the Gilbert-Gauss boundary. The general stack computed from five profiles exhibits the same characteristics as above (Figure 7 ).
Testing the Regional Consistency of the Small-Scale Anomaly Sequence
We selected the sea surface magnetic profiles that yield a clear identification of the principal polarity intervals and/or that show no obvious bathymetric effect (Figure 8 ). Only the western parts of profiles s17 and s20 were excluded from the data set because of disturbed magnetic anomalies associated with rough bathymetry (Figure 8) . The profiles were transformed into time using the Brunhes-Matuyama boundary, the younger and older boundaries of the Jaramillo and Olduvai subchrons and the Matuyama-Gauss boundary as tie points (equivalent to stretch 2 on the deep-tow data). Again, we first computed separately a stack for the western and the eastern flanks of the CIR (curve a in Figure 8) , before adding the profiles together (curve b in Figure 8) .
Within the Gauss chron the shape of the anomaly produced by the younger normal polarity interval (C2A.ln subchron) is similar after stacking of profiles from both ridge flanks, although those from the eastern side show more distinctively the occurrence of two short-wavelength anomalies (Figure 8 ).
Between the Gauss chron and the Olduvai subchron, two events are observed from the western flank, but only one from the eastern flank is observed. Note that several profiles from this latter side clearly exhibit two distinct events (e.g., profile s18). The loss of one event may be due to small-scale spreading variations. Between the Olduvai and Jaramillo subchrons, two well-developed events are present on both flanks, the youngest one being more marked on the eastern side. Within the Brunhes chron, we observe that the anomaly amplitude decreases from the Brunhes-Matuyama boundary up to the end of the CAMH at -0.11 Ma. Except for the CAMH, two magnetic highs are observed in all profiles on both flanks around 0.7 Ma and 0.4 Ma. The stack computed for the eastern ridge flank shows an additional small anomaly, slightly older than the CAMH. One important observation from this study is therefore the good correspondence of the near-bottom and downward continued stacked profiles from the CIR on one hand and between the stacked profiles from the EPR and PAR on the other. Together they indicate that at least most of the shortwavelength anomalies identified from our CIR deep-tow profiles within the Brunhes, Matuyama, and Gauss chrons are global phenomena and thus have a geomagnetic origin.
Before the discussion in section 6.2, one important remark must be made regarding the fact that if deep-tow results are helpful for detecting short-lived geomagnetic features, the clear distinction between subchrons and geomagnetic excursions from such data appears to be extremely difficult. Assuming that the intensity of the geomagnetic field is fully recovered during short magnetic polarity intervals, this would require the acquisition of very high resolution magnetic anomaly profiles from widely distributed spreading ridge systems. At present, we cannot discrimate between these two types of geomagnetic events. Direct comparison between the near-bottom profile and the paleointensity-derived models shows some differences either in terms of relative amplitude or precise location of the microanomalies. In the CIR near-bottom results, there is an unusual high-amplitude event during the middle part of Brunhes (between B3 and B4), which appears as an exception compared to the regional stacked profiles (CIR, PAR, and EPR) and to the synthetic profiles. Several factors may help to explain these discrepancies such as the sign (i.e., the polarity) of the geomagnetic field during excursions, which may drastically change the amplitude of the corresponding shortwavelength anomalies (in our modeling, the polarity of the geomagnetic field was not changed for any excursion) and/or problem in data reduction due to drastic changes of topography. Nevertheless, we observe in the synthetic profiles, as for the CIR deep tow profile, the occurrence of This is supported by the available paleointensity data, which show three periods of low field intensity associated with the Ontong Java 1 and 2 and the Gilsa events [Gallet et [Baksi et al., 1993] . In the Gamarri section a period of low field intensity with transitional directions is observed before the interval of normal polarity, which might correspond with the -2.14 Ma event . This is further supported by the occurrence of two low paleointensity intervals at roughly 2.04 Ma and 2.14 Ma in the sequence obtained by Valet and Meynadier [1993] . This also suggests a geomagnetic origin for the youngest magnetic anomaly M5 observed in the CIR near-bottom profile (with an interpolated age of-2.04 Ma). In any case, the prominent micro-anomaly M6 corresponds to the classic R•union event between 2.1 and 2.2 Ma (C2r. ln [Cande and Kent, 1995] ), which is probably a subchron, and the microanomaly M7 to another geomagnetic event between-2.3 and 2.4 Myr. These considerations indicate that there are probably three geomagnetic events between the Gauss-Matuyama boundary and the Olduvai subchron. It is also of interest to point out that the general trend of the CIR deep-tow profile between the GaussMatuyama boundary and the Olduvai subchron is to the first order in good agreement with the synthetic profile constructed from paleointensity data showing a clear saw-tooth pattern.
Comparison Between
6.2.3. Gauss chron. In contrast with the previous time interval, the synthetic profile constructed from the only sequence covering the Gauss chron cannot be satisfactorily correlated with the CIR deep-tow profile, in particular for the C2An. ln subchron (nor with the EPR or the PAR stacked sea surface and downward continued profiles). In the near-bottom profile its shape is almost opposite to that of the synthetic profile and thus does not support the gradual paleointensity decrease observed by Valet and Meynadier [1993] . There may be two explanations for this apparent disagreement. One is that the paleointensity data determined for this period, which have not been confirmed by independent data from another location, do not truly reflect the fluctuations of the geomagnetic field. The other is that the deep-tow magnetic profile is affected by unrecognized, tectonic or other processes, aside from those evident on the western side of the deep-tow profile B which crosses the Gasitao Ridge and was not used for the stack. The very good agreement obtained for this time interval between the profiles from the three ridge systems, including the stack computed by Westphal and Munschy [1999] , from sea surface profiles from the EPR, argues in favor of the first alternative. If this explanation is correct, it would suggest that there are three short-wavelength anomalies during the C2An. ln subchron, two within its older half (G2 and G3, Figures 6, 7, and 11) and a third micro-anomaly occurring just before the GaussMatuyama boundary (G1). It is of interest to mention that oeiddicoat et al. [1980] found from a sedimentary section from the Searles Valley in California the same sequence of three short reversed polarity intervals during the C2An.ln subchron. The existence of a geomagnetic excursion slightly older than the Gauss-Matuyama boundary, which may be correlated with the microanomaly G1 from the CIR, is further supported by a recent magnetostratigraphic study of Glen et al. [1999a Glen et al. [ , 1999b , also from the Searles Valley, and by the occurrence of a pronounced paleointensity low during this period in the Valet and Meynadier [1993] record. The existence of the G1 event argues against the possibility suggested by Westphal and Munschy [1999] that the Gauss-Matuyama magnetic polarity reversal occurred over an unusually long duration.
Conclusion
We have investigated whether high-resolution magnetic oceanic profiles collected from the Central Indian Ridge provide a reliable high-resolution record of the geomagnetic field intensity. For the sake of comparison with paleointensity sequences obtained in sediments, the studied period was restricted to the last 3 Myr. A stacked deep-tow profile was constructed from six individual profiles obtained on both sides of the spreading axis. This stacked profile shows a dense succession of microanomalies within the Brunhes, the Matuyama, and the later part of the Gauss chrons. Stacked sea surface profiles constructed from the Central Indian Ridge, the East Pacific Rise, and the Pacific-Antarctic Ridge confirm the worldwide occurrence of most of these microanomalies and therefore indicate that they have a geomagnetic origin. For the Brunhes and the matuyama chrons, comparison of the CIR near bottom with paleointensity-derived synthetic profiles shows that the small-scale anomalies found in our data can be correlated with known low-paleointensity periods. The CIR results therefore indicate that field intensity variations are the main contributor to the shape of the recent marine magnetic anomalies in the CIR area.
Results inferred from the CIR near-bottom profiles suggest for the first time the occurrence of a relatively longlasting magnetic anomaly slightly younger than the Olduvai subchron, which correlates with a succession of several geomagnetic events documented in sediments (Ontong Java 1 and 2 and Gilsa). The data also support the occurrence of three geomagnetic features (including the R6union event) between the Gauss-Matuyama boundary and the Olduvai subchron. Our interpretation is less robust for the Gauss chron, for which the comparison between the deep-tow and the synthetic profiles is quite unsatisfactory. If the stacked near-bottom profile for this period correctly reflects the geomagnetic field intensity fluctuations, three geomagnetic events would exist within the C2An. In subchron.
Our study demonstrates the potential of deep-tow surveys for detecting the occurrence of short-lived geomagnetic events, although marine magnetic profiles cannot easily discriminate between subchrons and excursions. The analysis of near-bottom magnetic anomaly profiles could allow the establishment of the distribution of the short-lived geomagnetic events over the long period documented by the oceanic crust and for which magnetostratigraphic data are missing. This will be crucial to constrain the long-term behavior of the geomagnetic field, in particular for studying the link between magnetic reversal frequency and secular variation.
